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Introduction

Abstract
The shape of La X-ray peaks
of
a LiF (200 plane)
described by a pseudo-Voigt
P(A) = 0.35 P1 (A)+

form November

Besides petrological
applications, it
is now of growing interest to have accurate
chemical analyses
of rare-earth
element
bearing minerals in order to improve the
recovery of these elements which are involved
in technological
compounds such as lasers,
magnets, glasses,
ceramics. Because present
analytical
methods (e.g . , wet chemistry,
neutron
activation)
lead
to
average
composition and are generally destructive,it
is essential to provide non-destructive
point
analytical technique s .
Only rare -earth elements belonging to
the lantanide element serie s (57 ~ Z ~ 71)
will be considered in the present study .
Quantitative
X-ray analysi s of lanthanide
elements bearing compoundshas been reported
for both wavelength dispersive spectrometry
(WDS)(18) and energy dispersive spectrometry
(EDS) (25) by means of the electron probe
microanalyzer
(EPMA). These elements are
usually analyzed with the EPMA
by means of L
spectra for which at least ten lines are
detectable
for each element. In addition,
within
natural compounds or technological
materials it is commonfor high concentrations
of some lanthanide elements to be associated
with low concentrations
of the others. Thus,
X-ray spectra of these compoundsare complex
leading to common peak interferences,
and
accurate measurement of the intensities is
difficult.
To obtain
intensity
data
free of
interferences,
a common approach is to apply
predetermined "overlap coefficients"
to the
raw intensities
(18),(25).
By the use of a
computer controlled
EPMA an alternative
approach to remove the continuum background
and overlapping peaks consists of processing

analyzed by means
monochromator was
function :
0.65 P2 (A)

where P1 (A) and P2 (A) are a Gaussian and a
Lorentzian distribution centered at the same
wavelength, with the same amplitude and halfwidth and in relative proportion 0.35 and 0.65
respectively.
For peaks
occurring
at
wavelength greater than ~ 0. 17 nm, a Gaussian
offset was added in order to correct the
asymmetry of peaks resulting
from the
monochromator
mounting
within
the
spectrometer .
The effective wavelength resolution was
obtained by quadrature
addition
of the
instrumental resolution and the natural width
of the X-ray peaks. It has been shown that the
difference
in peak width of the L emission
peaks of the lanthanide elements resulted from
their difference in their natural widths. For
these elements, the LP2 , Lr1 and Lr2 were
found to be accompanied by non-diagram lines,
LP14 ,
Lr9
and Lr10
respectively . The
wavelength separation
distances
LP14 -LP2 ,
Lr9 -Lr 1 and Lr1 0 -Lr 2 were found consistent
with the distances derived from the plasmon
theory.
Key words : Wavelength dispersive spectrometry,
peak shape, resolution,
natural width, nondiagram lines,
lanthanide elements, electron
probe microanalysis.
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digitally recorded WDSspectra using digital
peak fitting as
and least-squares
filtering
usually done in EDSdata processing (15).
Accurate relative intensities of X-ray
peaks for each lanthanide element must be
known in order to process complex L X-ray
intensity of the
spectra (13). The relative
peaks with respect to the La line intensity
(6) are generally
given in the literature
be the same for all the
considered to
lanthanide elements (e.g., Lfl1 = 50, Lfl2 = 20,
Lfl3 = 6). The X-ray intensity ratio I Kfl/1 Ka
but the
studied
has been extensively
transition
relative
of the
prediction
involved in L X-ray emissions is
probabilities
much more complex owing to the probability of
(Coster Kronig
transitions
non-radiative
which are equivalent to an Auger
transitions)
emission mechanism occurring between the L
intensities
levels. In addition, the relative
of L lines may be modified by the existence of
non-diagram or satellite lines whose energies
cannot be expressed as the difference of two
levels in the energy-level diagram. These
lines have weak intensities and may
satellite
occur either on the high or low energy side of
the major peak (8) .
The lanthanide elements have partially
in an electronic
filled 4f shells resulting
configuration simi lar to that existing for the
transition elements (21 ~ Z ~ 29), where the
3d shells are partially filled. Asymmetryof K
X-ray spectra of the transition elements has
and
(20) (28), {30) (31)
been reported
associated with non-diagram lines (satellite
lines) occurring on the low energy side of the
major monoenergetic peak. The theories of
lines have been reviewed by Edwards
satellite
lines are expected to
(8) . Similar satellite
transitions
radiative
accompany X-ray
from the incompletely filled 4f
originating
levels of the lanthanide elements (2) {19)
lines leading to
(23) (29). The satellite
departure from symmetry of peaks have been
than those
shown to be much stronger
accompanying the K spectra of the transition
elements.
Accurate interpretation of complex L Xnon-diagram lines
including
ray spectra
of the specific electronic
characteristic
analyzed lanthanide
of the
configuration
requires an accurate analytical
element,
description of the line shape of each X-ray
peak recorded by the spectrometer.
description will be
This analytical
used in a least-squares fitting procedure in
order to derive the relative intensities of X-

ray lines from experimental L X-ray spectra
and to generate synthetic spectra to be used
as references when experimental data are not
available.
Experimental or synthetic reference
spectra are required in order to derive the
overlap correction fa ctors and to express the
peak intensitie s in term of weight
net
concentrations. For these purposes, reference
compoundsmust be available. Synthetic lithium
(1) , Ca-Al silicate glasses
tetraphosphates
(26), or glassy garnets (5)
(7), pyrosilicates
bearing lanthanide elements can be used as
analysis
reference materials for quantitative
by the use of the EPMA.Single oxide crystals
are suitable materials to derive the data base
a complete description of X-ray
allowing
spectr a of the lanthanide elements. However,
some crystals are difficult to prepare or are
not stable and very often are available only
in small quantitie s. Thus, when reference
crystals are not available, reference spectra
must be derived from experimental data derived
from other materials.
This paper descr ibes the lineshape of L
by means of an
X-ray spectra obtained
equipped with WDS's. Particular
automated EPMA
is given to the X-ray emission
attention
spectra of the lanthanide elements. The effect
of the natural width of X-ray lines on the
resolution (peak width) of the observed X-ray
peaks will be discussed, taking into account
resolution of the spectrometer
the intrinsic
and the spectral distortions resulting from
instr umental factors and from the existence of
of
non-diagram lines. The characteristics
and
, Lr
satellite line s accompanying the Lfi
2
1
Lr2 diagram line s will be given.

Response function of the
wavelength dispersive spectrometer

Formalism
The observed photon energy distribution
P(E) within an X-ray emission line may be
expressed as :

P(E) •

f~

L(E') F(E - E' ) dE'• L(E) • F(E)
[l]
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In order to determine the relative Xof high energy K X-ray
ray intensities
emission, Campbell et al. (3),(4) convoluted
the response function with a Lorentzian of
unit area.
Monoenergetic X-ray peaks measured with
a Si(Li) detector are also well described by
equation [3], as shown by Campbell et al. (4)
who studied X-ray spectra in the range from 1
to 40 keV. Typically, the energy resolution of
an EDS, within this energy domain is large
compared to the few eV natural width of K Xof low and mediumZ
ray peaks characteristic
elements and L X-rays of medium and high Z
elements . Within the 1-40 keV energy region,
the Lorentzian convolution can be omitted . The
equations [1] and [3],describing the response
function of the spectrometer , give an adequate
representation of an X-ray peak observed by
the use of a Si(Li) detector . In addition,
Campbell et al. (3),(4) also showed that
spectral distortion resulting from the Compton
to X-ray
is mainly restricted
scattering
photons of energy higher than~ 20 keV. The
tailing at energies from 1 to 15 keV may be
incomplete charge
mainly to
attributed
collection resulting from energy losses in the
dead layer.
Empirical correction of the incomplete
has been proposed for the
charge collection
case of EDS spectra induced by electron
bombardment. However,in practice, the spectral
from incomplete charge
resulting
distortion
is
in EDS analysi s with an EPMA
collection
generally omitted and the line shape function
is described by a single Gaussi an distribution
the natural width of X-ray
(9). In addition,
line s within the 1-20 keV energy domain is
to the energy
negligible with respect
resolution of the Si(Li) detec tor (21) (22).
Thus, the observed single Gauss ian line shape
is used in lea st-squares fitting techniques
data proces sing.
for EDS-EPMA
The situation i s much more complex for
dispersive
wavelength
of
case
the
EDS.
for
spectrometers (WDS) than that
Studying L X-ray spectra of the lanthanide
elements by the use of WDS(LiF monochromator)
a Gaussian
showed that
Roeder (18)
distribution led to an approximate description
of the peaks, except for tails that occur on
each side of the peaks. Studying the fine
structure accompanying the Lfi2 , 15 and L11 Xray emission lines of the lanthanide elements
(transitions originating from the incomplete 4
Salem and Scott (23) fitted their
f shell),
sum of two
data using the
experimental

where L(E) is the physical photon energy
and F(E) is the instrumental
distribution
response function, Eis the energy of the Xray line and E' the variable energy.
The response function F(E) expresses
observed line shape of an incident
the
monoenergetic photon assumed to have a natural
width equal to zero or negligible with respect
to the energy resolution of the spectrometer.
The natural width of an X-ray emission
is generally well described according to a
:
Lorentzian distribution
H

L(E)

[2]

where 1 is the half width at half maximum
His the amplitude of the distribution
(HWHM),
centered at the energy, E0 •
Phillips and Marlow (17) studied K Xray spectra in the 40-150 keV energy region
using planar Ge and Ge(Li) detectors, and
showed that for these detectors the response
monoenergetic incident radiation may be
to
expressed according to :
[3]
F(E) ; G(E) + S(E) + D(E) + B(E)
where G(E) i s the major Gaussian peak, S(E)
of photons
represents the Comptonscattering
and depends on the detector and the energy of
the absorbed photons, B(E) is the continuum
peaks and D(E)
underlying the characteristic
expresses the phenomenaof incomplete charge
collection occurring in the dead layer of the
solid state detector . Whena photon is partly
region of the
absorbed in the inactive
charge is
of the
detector , only part
collected . Pulses so generated have lower
leading to the
than the peak,
energies
development of a tail on the low energy side
of the intense X-ray monoenergetic peak.
Incomplete charge collection occurs mainly for
low energy incident photons which are absorbed
close to the detector window.
Within the 40-150 keV energy domain
by Philips and Marlow (17), the
studied
natural width of K X-ray lines (50 - 100 eV)
is comparable to the energy resolution of the
Ge detector (400 - 500 eV). Thus, the main
portion of the line shape is not a Gaussian
The
distribution.
a Voigtian
but rather
observed peak shape, P (E), is the convolution
product of F(E), the resolution function, with
L(E), a Loreritzian distribution of unit area.
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function. In order to study the natural width
of L X-ray lines of the lanthanide elements,
Salem and Lee (21) extended equation [4] above
to equation [5] in order to account for the
dependence of the entrance slit width, s, upon
the peak shape. Keeping the notations used by
Huang and Lim (10) in equation [4] the
extended expression used by Salem and Lee {21)
may be expressed by:

Lorentzian shaped lines with two different
widths. Similarly, the incompletely filled 3d
elements induces nonshell of transition
diagram lines associated with the KP, 3 X-ray
emission. Salem et al. (20) used' a sum of
as a fitting function
Gaussian distributions
observed photon energy
to describe the
distribution.
The observed shape of an X-ray line
analyzed by means of WDSis controlled by the
the
spectrometer,
of the
entrance slit
intrinsic properties of the monochromator and
the
arrangement within
geometrical
its
spectrometer. Thus, there is no evidence that
the line shape function (i.e., the net result
response function
spectrometer
the
of
convoluted with the natural width of the
line), satisfies a purely Gaussia n or a purely
Lorentzian distribution.
the line shape of an XIn practice,
ray peak analyzed by means of WDSis between a
Gaussian and a Lorentzian. Analyzing X-ray
fluorescence peaks Huang and Lim (10)
the peak profile by the Voigt
described
function, i.e., the convolution product of a
In
Gaussian and a Lorentzian (equation [l]).
X-ray fluorescence analysis the peak position
is usually given in terms of the angle of the
diffracted X-ray beam, 28, with respect to the
incident beam. The peak profile, P(28) may be
thus expressed as follows

lead to an accurate fit of data. For practical
processing of complex Xuse in quantitative
fitting
ray spectra by means of least-squares
techniques, Huang and Lim (IO) suggested the
replacement of the Voigt function with the
following pseudo-Voigt function :

P(28)

P(28)

P(28)

=

H

f

CX)

CX)

f28

2s {

20

exp [-ln2

s

·2

[

28'
--

rg

]2).

d(28) d(28')
1 +

[5]

Direct calculation

of equations [4] and

[5] is complicated and time consuming but will

[6)

where O 5 Cg 5 1 and C1 = I - Cg are the
of the Gaussian G'(28) and
contributions
Lorentzian L'(28) of same width, and centered
Substituting the
position (280 ) .
at the
product (equation [5] by the
convolution
pseudo-Voigt function (equation [7]) greatly
simplifies the fitting calculation (10).
Instrumentation and experimental procedure

[4]

where H and 28 are the peak height and
position of the analyzed radiation, f 9 and r 1
are the half widths at half maximumof the
distributions,
Lorentzian
Gaussian and
respectively. Although the resolution of the
WDSis in most cases much better than that of
an EDS, the Gaussian width, f 9 (instrumental
factor) is greater (or at least in the same
order of magnitude) than the Lorentzian width,
r 1 (natural width). Thus, the profile of the
Gaussian
the
by
dominated
peak is
i.e., the instrumental response
distribution,

microprocessor
and
The computer
(Camebax
CAMECA microprobe
controlled
Microbeamtype) equipped with four WDS's and
installed at the joint Bureau de Recherches
Geologiques et Minieres - Centre National de
la Recherche Scientifique laboratory was used
for this study. The WDS'sare of the linear
fully focusing type with a 40° take-off angle.
The Rowlandcircle is 160 mmin diameter. The
geometry of the linear focussing spectrometer
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type with a take-off angle of 18". The quartz
(1or1) monochromator (2d = 0.6686 nm) is set
according to the Johansson mounting so that
the Bragg angle is satisfied for any incident
X-ray
beam at
the
surface
of the
monochromator. The resolution is improved by a
factor of = 2 compared to the resolution
obtained with the same spectrometer with a LiF
monochromatorwith Johann mounting.
The EPMAequipped with the quartz
monochromator (Johansson mounting) was only
used for qualitative
purposes in order to
validate the existence of multiple lines that
were not sufficiently
resolved by the use of
the first type of spectrometer and to assign
peak asymmetry either to instrumental factors
or to
the presence of non-diagram lines
respectively.
Only spectra obtained with the LiF
monochromator were digitally
recorded and
processed by a least-squares fitting technique
using a pure Gaussian, a pure Lorentzian or a
linear combination of both distributions.
In order to account for a possible
deviation from symmetry of the peaks, Huang
and Lim (10) varied the half-width, W,of the
Gaussian and Lorentzian distributions
in the
pseudo-Voigt fitting function so that:

allows the take-off angle to be constant i.e.
to be independent of the analyzed wavelength.
Mechanical
limitations
allow
the
monochromator-detector
assembly to vary
continuously the sin 0 values from 0.22400 to
0.82400, 0 being the angle of the incident Xray beam with respect to the surface of the
monochromator.
For
the
LiF
(200)
monochromator,(2d = 0.4026 nm), the analyzed
wavelength domain varies from A= 0.0902 nm to
A= 0.3318 nm. The monochromatoris mountedto
the spectrometer with a Johann mounting.
According to this mounting, a flat crystal is
bent to twice the focal circle radius so that
the Bragg angle and focusing conditions are
only approximately maintained. A deviation A0
to the Bragg position, 0, increases the
farther the incident X-ray beam is from the
center of the monochromator. Thus, broadening
and departure from symmetry of the peak shape
will result from the monochromatormounting.
The non-symmetryof peaks is easily observed
for Bragg angles lower than 30". The spectral
characteristics
of the analyzed X-ray lines
will depend upon the area of the monochromator
being illuminated by the incident X-ray beam.
The active area of the crystal was reduced by
covering the edge of the crystal with narrow
bands of lead. The width(= 2 mm)of the lead
strips
was chosen in order to obtain a
compromise between the gain
in energy
resolution
and the
loss
in detection
. efficiency. In addition, reducing the active
area of the crystal results
in a less
pronounced peak distortion.
In order to derive a mathematical
description of the peak shape, monochromaticL
X-ray emissions for lanthanide elements and
for Au, Wand Pt were analyzed by means of the
LiF monochromatorwere digitally recorded. An
interval corresponding to a variation of±
0.001 of the sin 0 value around the peak
maximum was
analyzed by
moving the
monochromator step by step. Each step was
equal to an increase of A sin 0 = 2 10·5 so
that each analyzed wavelength domain contained
one thousand channels. For each channel, the
counting time was 0.5 sec. The primary beam
energy was 25 keV with a 30 nA beam current
was used. Data acquisition was carried out
using integral mode of the pulse height
analyzer.
For some data, the Cameca MS 46
instrument installed
at the Laboratoire de
Petrologie Mineralogique in the University
Pierre and Marie Curie in Paris was used. The
spectrometers are of the linear fully focusing

W= w, if 28 > 280 and,
W= weif 28 < 280

[7]

where, 200 is the monochromator position
associated with the peak maximum.
This approach is based on a single
analytical description of the peak and the
spectral distortion
is different
from the
approach used in EDSdata processing based on
the Hypermet function (equation [3]) in which
the line shape of the X-ray emission and the
spectral distortion are described by means of
separate analytical expressions.
Weadopted an approach similar to that
used in the Hypermet function (equation [3])
and described the WDSpeak shape according to
a linear expression of the following form

with

A-A
0

H exp [- ln2 (--)

2

],

[9]

f(A 0 )
H

[10]
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where P1 (A) and P2 (A) are a Gaussian and a
respectively centered
Lorentzian distribution,
at wavelength A0 , with the same amplitude H,
and in relative
and half width f(A0 )
proportion k and (1-k), respectively ; G (SP)
is a function to be determined in order to
account for spectral distortions.
of the
of fit
adjustment
The
experimental spectra to the model function
(sum of a base line and Gaussian/Lorentzian
lines) has been done with an automated fitting
program, minimizing the residual distance
normalized to the number of data point
(Standard Deviation, equation [11]).

Hexagonal crystals : La2 03 , Pr2 03 , Nd2 03 •
Monoclinic crystals : Sm2 03 , Eu2 03 , Gd2 03
Cubic crystals : Dy2 03 , Ho2 03 , Er2 03 , Yb2 03

3000

Residuols
counts per
channel

Counts per
channe l

I obs
Icolc:

50

2000

-50

1000

(aJ

l

;

i"

___
c:::_=------1..
o.i.-,,,,,,,_,,,.,_,,,,.""~=·~.;:."'--==..--!

SD

0 .23474

[11]

Materials studied
In order to provide an analytical
of the
of L X-ray spectra
description
lanthanide elements, the materials used in
this study are Ln2 03 single crystals . These
crystals were prepared at the Ecole Nationale
Superieure de Chimie de Paris (ENSCP) using
the Verneuil crystal growth method (14).
Starting from oxi de powders the following
crystals were prepared by a reducing flame:

0.237 14
Wovelength (n m)

-100

_j__·-"....,><-'~=-~ --'
0.23957
0 .23820
Residuals
counts per
channel

Counts per
channel
lobs
Icolc : P2( >-)( Lorentzi an )

3000

where n is the number of considered data
points, P' (A;) is the number of count at A;
and P(A;) is the value of the model function
at that point. Due to the non-linearity of the
(Gaussian or Lorentzian)
model function
towards the adaptable parameters (amplitude,
at half-maximum, position) the
half-width
an
procedure requires
automatic fitting
on an
starting
computation,
iterative
estimated solution. This has been done using a
non - linear least square
modified iterative
fitting proce ss. Each adaptable parameter can
be fixed, released or coupled to other s to
ensure a proper modeling of the spectrum
into account it s known propertie s
taking
known ratios between two
(known position,
knowndistance between two peaks
intensities,
etc .. . ) . The program we developed, written in
C programming language, is running on PC
compatible equipment and can deal with a
maximumof 4096 point s at a time, it includes
and
interface
graphic
both interactive
procedure. It is already
automatic fitting
used for fitting a wide range of spectroscopic
data (16) .

100

P1 ( >-)(Goussian)

100
50

2000

C~~~i--_Jd_llJiiL_jlJ~~~~

o
50

1000

100

(bl
• 1,-!l,;,.o•_.:4~\.:.
________
o_ji.aa::,~"""-=::.c._

0.23 4 74

Wovelength (nm)

0 .23957
Residuals
counts per
channel

Counts per

3000

__jillD:,.._..,,.~-'

chonnel
lobs :
lco lc: P(>-)(0.35P 1 (>-)
+ 0 .65 P2 (>-)
( pseudo - Voigt)

50

25

2000

1000

-25

(c)
Wovelength ( nm)

0 .23957

Ei_gure 1. Result s of fits to the Nd La1 , a2
peaks and residuals us ing (a) a pure Gaussian
and
[P 1 (A)], (b) a pure Lorentzian [P2 (A)],
(c) a lin ear combination of both [P(A) = 0. 35
Pl (A) + 0.65 P2 (A)] as successive fitting
function.
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Owing to their high sensitivity to air
and humidity,
raw crystals
and polished
sections of La2 03 , Pr2 03 , Nd2 03 , Sm2 03 and
Eu2 03 were kept in a vacuum sealed desiccator.
Chips of a few millimeters square in size were
prepared as polished specimens for EPMA
analysis. The materials were embeddedin an
araldite
epoxy and kept in a vacuumduring
polymerization of the resin. The specimens
were first
ground by means of SiC abrasives
decreasing from 12 to 5 microns in size and
then polished on an aluminum plate using
diamond abrasives (3 microns and one micron)
dispersed in oil. The surfaces were polished
again on a polishing cloth using 0.5 micron
diamond.
Hexagonal and monoclinic crystals have
a layered structure
and are easily cleaved
under mechanical strength.
For hexagonal
crystals,
the direction of the growth-axis
depends upon the rate of growth but is
generally close to that of the c-axis . Thus,
the cleavage plane is (001). For crystals
having a monoclinic structure, cleavage always
occurs
along (201) . It
is difficult
to
mechanically polish sheet-layered specimens
along the cleavage plane since peeling or
smearing effects often take place leading to
damaged surfaces.
The specimens were first
polished along the cleavage plane according to
the procedure described above. The specimens
were then cut perpendicular to the polished
surface, i.e., parallel to the c-axis, rotated
by an angle of 90', embeddedin resin and
polished to
obtain a surface orientated
perpendicular to the cleavage plane.
In addition,
the pure elements Au, W
and Pt were analyzed in order to investigate
X-ray emissions of short wavelength which are
detectable with a LiF monochromator.
The line shape description
of La peaks
analyzed by means of the LiF monochromator:
In order to determine the analytical
expression
describing the La X-ray peaks
observed
using the
LiF monochromator,
experimental
data were processed using
equation
[8] as the fitting function. The
term, G(SP, l), in equation [8] was first
omitted in the fitting procedure. The value of
coefficient k, was varied from k = 0 (pure
Lorentzian) to k = 1 (pure Gaussian). The
continuous
emission
underlying
each
monoenergetic peak was assumed to be linear as
a function of wavelength. The peak height, the
HWHM
and the maximumposition of the Gaussian

and Lorentzian distributions
were used as
variables in the fitting procedure. Results
are illustrated in Fig.I for the case of the
Nd La1 , La2 X-ray peaks (0.2371 nm and
0.2381 nm respectively) occurring for a medium
position of the monochromatorwithin its total
range.
As shown in Fig.I, neither a pure
k = 1) nor a
Gaussian distribution
(P1 (l),
pure Lorentzian distribution
(P2 (l), k = 0)
led to an accurate description of the analyzed
X-ray peak. The calculated HWHM
values and
peak positions were consistent whether a pure
Gaussian or a pure Lorentzian was used as a
fitting
function. However, a pure Gaussian
distribution led to a calculated peak height
slightly
lower than the measured intensity
while the opposite was encountered when a pure
Lorentzian distribution was used. In addition,
discrepancies
between
experimental
and
theoretical distributions
became apparent at
both tails of the peak.
Although there is no physical basis to
support the assumption that the peak shape
results
from a linear
combination of a
Gaussian and a Lorentzian distribution, the Nd
La1 peak is correctly described (see Fig.I) by
the polynomial expression (equation [8]) in
which the k parameter was set to k = 0.35.
This resulted in the smallest SD value for the
fitting
procedure.
However, the
k value
leading to the best fit was found to vary as a
function
of the analyzed wavelength. The
optimum k value decreases exponentially from
k = 0.6 at short wavelengths (l = 0.12 nm)
down to k = 0.35 at medium wavelengths
(l = 0.22 nm) and tends to be constant at
k = 0.30 for greater wavelengths.
Varying the value of k does not change
substantially the calculated HWHM
values. For
example, the HWHM
for Au La (0.1276 nm) is
only decreased by less
than 1 % when the
value of k is increased from k = 0.35 to
k = 0.50, the latter leading to the best fit.
As shown in Fig. 2, the calculated HWHM
values (k = 0.35) of the La1 peaks linearly
varied with wavelength for wavelengths greater
than~ 0.17 nm. For the LiF monochromatorused
and a value of k = 0.35, the variation of f(l)
as a function of wavelength satisfied the
following linear relation :

f(l) = (-0.89 l + 0.47)10- 3 (1 > 0.17 nm) [12]
For wavelengths less than ~ 0.17 nm,
and using the pseudo-Voigt function (equation
[8] with k = 0.35 and G (SP, l') = 0) the
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Figure 2. Variation of the HWHM
of
(LiF monochromator) as a function
wavelengths.
a) Calculated half-width s using the pseudoVoigt function P(A); 0.35 P1 (A)+ 0.65 P2 (A)
functio n (equations [9] and
as the fitting
[10]).
for the
b) Peaks half -widths corrected
resulting from
distortion
spectral
factors (equation s [13] and
instrumental
[14]).

c) Calculated instr umenta l re solution function
fi, of the spect rometer derived from the
calculated La peak half -widths and the natural
half-width of th e analyzed emission according
to equation [20] .
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calculated f(A) value s decrea sed approximately
exponentially in the wavelength range of 0. 11
nm to 0. 17 nm.
For all analyzed La peaks, modifying
the k value i.e. th e re lative proportion of
distributions
Lorentzian
and
Gauss ian
in the pseudo-Voigt fitting
contained
function, lead s to a more or less acceptable
description of the peak tails on both sides of
the peaks. This in turn led to a poor value of
the SD value of the fit. In addition, for La
peaks with wavelength less than ~ 0.17 nm
(exponential decay of the f(A) curve in
Fig.2), the calculated peak position did not
correspond to the observed maximumposition.
This deviation occurred for all values of k
used in the fitting function. Such an effect
is illustrated in Fig. 3 for the case of the
Au La1 peak. Since both the Gaussian and
symmetrical
are
contributions
Lorentzian
functions with the maximumcentered on the

0 .12887
0.12758
Wavelength (nm)

0. 13065

Result s of fit s to the Au La1, a2
peaks and re sidual s according to the same
procedure as in Fig. 1.

Fig ure 3.

between the
same channel , the deviation
observe d and calculated maximum positions
line shape. As
etrical
an asymm
indicates
previously mentioned an asymmetrical shape is
expected for peaks occurring at low Bragg
angles.
For wavelengths less than ~ 0.17 nm,
the departure from linear dependence shown on
the f(A) vs A curve in Fig.2 was associated
from
resulting
di sto rtion
with spectral
factors . This conclusion was
instrumental
supported by comparison of spectra recorded
using the LiF (Johann mounting) and the quartz
(Johansson mounting) monochromators. The HWHM
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of peaks observed with the quartz crystal was
found to be improved by a factor~ 2 with
respect to the
resolution
of the LiF
monochromator.
When using
the quartz
monochromatorthe spectra were only recorded
in analog mode and it was not possible to
analytically describe the peak shape. However,
the La peaks occurring at wavelengths less
than z 0.17 nm remained apparently symmetrical
compared to the La peaks obtained by means of
the LiF monochromator.
For wavelengths less than ~ 0.17 nm,
the best
fit
of the
La peaks (LiF
monochromator) was obtained by increasing the
fraction,
k, of Gaussian distribution
contained in the linear pseudo-Voigt fitting
function given by equation [8). Thus, we
assumed
that
the
instrumental
factors
modifying the peak shape can be empirically
described by a Gaussian distribution.
A Gaussian distribution G(SP, A'0 ) was
consequently added to the pseudo-Voigt fitting
function, in which the k value was set to
k = 0.35 for all wavelengths analyzed with the
LiF monochromator.
The complete fitting function describing
the peak shape was thus :

Gaussian function
(spectral
distortion
resulting
from the monochromator mounting)
which are included in the fitting function
given by equations [13) and [14).
For wavelengths greater than z 0.17 nm
the amplitude of the Gaussian G(SP,A') becomes
negligible with respect to the amplitude of
the characteristic X-ray line . For La peaks
with wavelengths less than 0.17 nm, the
maximumposition, the amplitude and the HWHM
f(SP), of the Gaussian, G(SP, ).') may be
expressed as a function of the parameters of
the major characteristic peak according to the
following relations
A' - A = -0.87 10· 3 exp [-3.4 A]

[15)

H(SP, >.')
2930 exp [-3.6 A]

[ 16]

8. 6 10·3 exp [-24 ).']

[17]

H( P, A)
f(SP, ).')

P(>.) = 0.35 P1 (>.) + 0.65 P2 (>.) + G(SP, ).')

5600

[13]
where P1 (>.) and P2 (>.) represent a Gaussian and
a Lorentzian distribution
respectively with
the same amplitude and width (equations [9]
and [10]) and G(SP,>.') being expressed by

Counts
per channel
l obs
lcalc : P(>.)+G(SP,X

Aula

1

')

-

·-

p (>-)
G (SP,X )

4200
.2800
Au La 2

1400

G (SP,>.)= H (SP,>.') exp [- ln2 [). ).' ];
f(SP) [l 4]
where H(SP, >.') is the amplitude of the
Gaussian centered at wavelength >.', with a
HWHM
value f(SP,>.'), and>. the wavelength of
the analyzed monochromatic X-ray emission (7).
The digitally
recorded La peaks
occurring at wavelengths lower than 0.17 nm
were processed by using equations [13) and
[ 14) as a complete fitting
function which
contains six variables, i.e., the peak height,
the peak position and the HWHM
describing the
X-ray peak (pseudo-Voigt function),
the
amplitude H(SP,>.'), the HWHM,
f(SP,A') and the
maximum position,
).',
of the Gaussian
(equation [14])
describing
the
spectral
di stortion of the peaks.
Results
in Fig.4
illustrate
the
observed Au La, peak shape as the sum of two
di stributions associated with the pseudo-Voigt
function (instrumental line profile)
and the

0.12461

200

Residuals
counts per
channel

0.12715
0 .12768

-200
o.12·'-:4c:::6:-1
----------

0.13065
>.nm

--

----o-_

-13_.065
>.nm

Figure 4. Results of fit

to the Au La1 , a 2
peaks ( upper trace) and residuals
(lower
trace) using the pseudo-Voigt function and a
Gaussian offset as fitting
function (see
equation (13) and [14)).
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The instrumental resolution function of the
LiF monochromator

When a Gaussian is convoluted with
can be
another Gaussian the resulting HWHM
obtained by quadratic additions of the HWHM
values of each distribution. Wenumerically
verified that the HWHM,r , obtained by
convoluting a Gaussian G(fG) with a Lorentzian
distribution of unit area L(fl) is close in a
first approximation to the quadrature addition
values f 9 and rt, respectively, so
of the HWHM
that :

The observed shape of L o1 peaks
LiF
use of the
from the
resulting
monochromator is correctly described by a
i.e . , a linear
function,
pseudo-Voigt
combination of a Gaussian distribution and a
both distributions
Lorentzian distribution,
being centered on the same wavelength and
width. This theoretical
having the same
description of WDS X-ray peaks analyzed by
means of the EPMAis consistent with the
description of XRFpeaks as reported by Huang
and Lim (10). In the present study, fractions
of 0.35 Gaussian and 0.65 Lorentzian were
found to match the observed peaks. Monoenergetic peaks occurring at wavelengths less
than~ 0.17 nm exhibited an asymmetrical shape
on the short
with a shoulder occurring
wavelength side of the peak. This spectral
distortion resulting from instrumental factors
was described by a Gaussian offset.
The effect of the instrumental factor
upon the peak shape being corrected, a linear
of the peak vs the
variation of the HWHM
wavelength was observed, consistent with the
results reported by Roeder (18) .
The calculated r value is an effective
HWHMvalue resulting from effect of the
intrinsic instrumental resolution r;, and the
natural half width 1, of the analyzed X-ray
emission.
The two parameters, r; and 1, are only
use of the
individually by the
treated
convolution product expressed by equation [l]
where the instrumental response function vs
energy F(E), contains the intrinsic resolution
photon
X-ray
physical
and the
r;,
L(E), is expressed in terms of
distribution,
the natural half width 1· Thus, the rigorous
approach consisting in the convolution product
response
instrumental
the
assuming that
function F(E) is known would lead to an
expression of the observed peak profile P(E)
containing both r; and 1 factors as variables .
Similarly, the simplified model based
on the use of a pseudo-Voigt function should
be expressed in terms of both r; and 1 values
than in terms of the effective
rather
r . Thus, the complete
resolution factor
fitting function in equation [13) should be
written as :

f(G *

[ 19)

L)

For example, the natural width of the
Nd Lo, emission is 3.93 eV equivalent to 0.178
10· 3 nm (~E = (hc/A2) ~A) which corresponds to
36 % of the calculated width r of the peak
(10.9 eV or 0.494 10· 3 nm) whic~ was assumed
to have a pure Gaussian distribution. The
curve resulting from the convolution product
of the Gaussian with a Lorentzian distribution
of unit area and HWHM,rl, equal to the
natural width of the Nd Lo1 emission was
r (G * L) equal to
characterized by a HWHM,
calculated
11.9 eV or 0.542 10· 3 nm. The HWHM
by quadrature addition of the r and rl values
according to equation [19) 1eads to a HWHM
value of 11.6 eV or 0.524 10· 3 nm, which
only by 3 % from the measured
differs
value, f(G * L).
HWHM
being
Any X-ray emission peak,
corrected for instrumental spectral distortion
can be described by a pseudo-Voigt function
expressed as :
with an effective HWHM
fjk

=

[(f;)2 + {1jk)2]1!2

[20)

where
. rik is the observed half-width of the peak
transition
resulting from the radiative
between the j and k levels, respectively;
from
the HWHMvalue resulting
. r; is
the
of
resolution
instrumental
the
spectrometer;
is the natural half width of the jk
. 1ik
X-ray emission line.
The instrumental resolution r; ,(A) is
derived from equation [20) using the linear
variation vs wavelength of the calculated r
(Lo) width of the Lo peaks of pure elements
and lanthanide oxide crystals (equation [12))
and the corresponding natural half-width 1
(Lo) according to Salem and Lee (21),(22).
As shown in Fig. 2, a linear variation
for r; vs wavelength was observed according to:

[18)

r; (A)
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=

(-0 . 93 A+ 0.466) 10· 3 nm

[21)
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and LP1 peaks cannot be distinguished for the
cases of Nd and Sm. For the case of Gd, the
LP4 peak appears as a shoulder of the LP, peak
and both peaks are seen individually when the
atomic number of the element is increased. The
calculated effective widths for the LP1 and
LP4 emission peaks were found to vary linearly
as a function of the wavelength. As shown in
Fig.5, the HWHM
values of the LP, peaks
satisfy
the
same linear
variation
vs
wavelength as that observed for the case of
the
La1 , peaks. This similarity
in the
relationships
of the LP,, La1 and La2 peak
widths vs the wavelength is consistent with
the similarity in the natural widths of these
X-ray emissions as illustrated in Fig. 7. The
widths of the LP4 peaks were found to be
slightly higher than these of the La1 peaks of
equivalent wavelength. This observation is
consistent with the difference in natural
widths of the X-ray emissions . For overlap
corrected LP4 and LP, peaks, the intensity
dependence vs the wavelength was linear for
both LP, and LP4 X-ray emission peak as shown
in Fig.8 .

Application to L X-ray spectra of the
lanthanide elements
Results

La, and La2 X-ray peaks of some of the
lant hanide elements were processed using the
pseudo-Voigt function as a fitting function.
The
calculated
data
showed a linear
corr elation for HWHM
vs wavelength of the
peaks. Simultaneously the peak heights of the
La1 and La2 peaks exhibited a linear variation
as a function of wavelength.
The LP1 , LP2 , LP3 , LP4 , LP6 , Lr,, Lr2 ,
Lr3 and Ll emission peaks were processed
keeping the peak position, peak width and peak
height as variables in the fitting
procedure.
The variation in observed HWHM
vs wavelength
of t he peaks exhibited an array as shown in
Fig 5. We examined the effect of spectral
dis t ortions and natural width of emission
lines upon the calculated HWHM
values for the
dif f erent LP, Lr and Ll emission lines.
LB lines and satellites
Whenthe
atomic number of the lanthanide elements is
increased, the LP4 emission peak moves from
the short wavelength side of the LP, peak
towards the long wavelength side
of the LP,
peaks as illustrated in Fig 6. Owingto the
energy resolution of the spectrometer the LP4

counts

r---i

7 10-4nm
4

10 f nm

5

4

Er
3

Gd

2

0 .15

0 .2

0 .25

>.nm

Figure 5. Observed HWHM
of peaks for some of
the
L emission lin es of the lanthanide
elements (data not corrected for spectral
distortions) .

Figure 6. Relative position
of the LP4
emission peak with respect to the LP1 emission
peak of some lanthanide elements .

1069

G. Remandet al.
58 0

Counts per
Channe l

f a f [f(L o ) ]

9
S mL,8 6

(a)

7

0 19605

0 19633

0 1979"3

Sm Lil>
580

Counts per
Channel

5

3

r ·.

70

65

60

(

1/2

r~ + y2( L.B>.•1]

(L/3>,6)

Sm L,86

( bl

Figure 7. Natural width Zr, in eV, of some
L X-ray emission lines of the lanthanide
elements according to Salem and Lee (21) .
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Results of fits to the SmLP
3 peak
analyzed by means of the LiF monochromator.
procedure using the
a) Least-square s fitting
LP3 peak half-width r 1 , derived from the
f(La); f(A) curve (see Fig. 2 and equation
[ 12]).
procedure using the
b) Least-squares fitting
LP3 peak half width r2 , derived from equation
[20] taking into account both the instrumental
resolution [ 1 (equation [21]) and the natural
width r(LP3) (Fig . 7) .
Figure 9.

Net peak height

3 103

2 103

103

than that
relationship
A similar
observed between the LP, and LP4 peaks is
encountered for the case of the LP3 and LP6 Xray emission peaks. For light lanthanide
elements the LP6 peak occurs at a shorter
wavelength than that of the LP3 peak. Whenthe
atomic number of the analyzed element is
increased the LP6 -LP3 distance decreases and
becomes equal to zero for the case of Dy
(Z; 66) then the wavelength difference
becomes positive, i.e., the LP6 peak occurs at
greater wavelength than that of the LP3 peak.

O-t-------,-----.-----.->-_n_m
0.1

0 .15
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0 .25

Figure 8. Linear variation of the LP1 and LP4
peak heights of the lanthanide elements as a
function of wavelength.
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were set at the value s, r, = f(f(La)), derived
from equation [12]. Such deconvolution of the
Lfi3 peak led to the detection of spurious
peaks since the Lfi3 is a single line as shown
in Fig 9b. For the case of data in Fig. 9b the
HWM
values, f 2 (Lfi3 ), were calculated according
to equation [20] including the instrumental
resolution
of the
spectrometer,
r; ().),
(equation [21]) and the natural half-width
values, 21(Lfi3 ), published by Salem and Lee
(21),(22). The natural widths of the Lfi3 peaks
are approximately twice those of the La1 peaks
for the lanthanide elements as shown in Fig 7.
These differences
are responsible for the
observed variations of the peak width as a
function
of the Lfi3 analyzed wavelength.
Comparisons of observed (least-squares fitting
procedure) and calculated HWHM
are shown in
Table 1. The values, r, , are derived from the
calibration curve drawn for La emission lines.
The calculated, r2 value s accounting for the
natural peak widths are in a good agreement
with the measured HWHMof the peaks.
Consistent with the results reported for the
La1 , La2 , Lfi1 and Lfi4 emission peaks, the
intensities
of the Lfi3 and Lfi6 peaks also
varied linearl y with wavelength.
The Lfi2 emission peaks for La, Pr, and
Nd were correctly described by means of the
fitting funct i on (equation [13]) leading to a
calculated width consistent with those of La
peaks of equivalent wavelength. Howeverat
greater atomic numbers, (e.g . 64 (Gd)), the
Lfi2 peak broadened and a shoulder becomes
visible on the long wavelength side of the
peak as shown in Fig .I O.

Only Lfi3 - Lfi6 emission peaks for
elements with atomic number
57 ~ Z ~ 64
were process ed by means of the least-squares
fitting technique. For elements with an atomic
number greater than Z = 65 the solution to
peak overlap correction was made difficult
by
the severe instrumental spectral distortions
affecting
both peaks. Peak width and peak
intensity
of the heavy lanthanide elements
were extrapolated from calculated data for
Z ~ 64 (Gd). Therefore, extrapolated data were
used to generate synthetic spectra which were
found to correctly describe the experimental
spectra, justifying in turn the extrapolation
approach.
For the Lfi6
emission peaks,
the
calculated HWHM
values (corrected for spectral
distortion) were found to vary linearly
as a
function of wavelength. Taking into account
the
large
difference
in
statistical
fluctuations in La1 and Lfi6 peak intensities,
the calculated widths of the Lfi6 peaks were
found equivalent, to a first approximation to
those of the
La1 peaks of equivalent
wavelength .
As shown in Fig.5 the relationship
between wavelength and observed HWHM
for Lfi3
peaks strongly differ s from that of the La1
peak.
The Lfi3 -Lfi6 peak overlap is not
sufficient to explain the greater peak widths
for Lfi3 peaks with respect to La1 peaks.
It was thus tempting to identify the
Lfi3 peak broadening as the result of two
unresolved lines as shown in Fig.9a. For these
calculations the HWHM
of the two components

Table 1. Observedand calculated HWHM
values (nm) for the Lfi3 emission peak of some
lanthanide elements.
La

>.( Lfi3 )

r1 = f(f(La))
equation [12]
r2 = Jr~ +l
r·obs

Ce

Pr

Nd

Sm

Eu

Dy

Gd

Ho

0. 2411 0.2311 0. 2218 0.2127 0. 1963 0. 1887 0.1815 0 . 1683 0.1621
0.255

0.265

0.273

10· 3

0.280

10· 3

0. 295

0.302 0.308

10· 3

0.320

10· 3

0.326

10·3

10· 3

10· 3

10· 3

10· 3

0.326

0.326

0.327

0.330

0. 336

0.340

10· 3

0.346

0.367

10· 3

0.373

10·3

10· 3

10·3

10· 3

10· 3

10·3

10· 3

0.328

0. 334

0.338

0.366

0.372

0. 40

10·3

10·3

10· 3

10· 3

10· 3

10· 3

0.330
10· 3

not
0.320
measured 10· 3
I

* (including spectral distortion

resulting

from the monochromator mounting).
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procedure was applied to all analyzed Lfi2
peaks. However, based on these simplifications
the calculated separation distance between the
Lfi2 and Lfi14 peaks decreased linearly as a
function of wavelength as shown in Fig. Ila .
The width of the Gd Lfi14 was found to be
greater than that of the Lfi14 of the other
elements. As shown in Fig. llb height the
amplitude of the Lfi2 and Lfi14 peaks increased
linearly with wavelength.
The Lfi2 emission results from the L111 N1 v
transition
and its energy is very close to
that of the Lfi15 emission which results from
the L111 Nv transition. Only a few data are
available in the literature
about the Lfi15
wavelength of the elements. However, the
characteristic wavelength associated with the
Lfi15 emission line can easily be calculated.

0 16033

Figure 10. Lfi2 ,fi15 doublet
emission
peak
profiles
indicating the existence of a nondiagram line , Lfi14 , on the long wavelength
side of the Lfi2 diagram line : (a) Sm Lfi2 , (b)
Gd Lfi2 , (c) Ho Lfi2 .
For the analyzed Lfi2 peaks for Sm, Eu,
Gd, Dy, Ho and Er, the deconvolution procedure
showed the existence of a second peak,
labelled Lfi14 • The Lfi14 peak occurs on the
long wavelength side of the major Lfi2 peak.
For the calculations,
the HWHM
of both
peaks were set at the same value. As shown in
Fig. 10 the Ho Lfi2 shape was corrected for the
spectral distortion
but such correction was
neglected for the case of the second peak fi14 ,
of low intensity.
A similar deconvolution
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between the L,8
and L,815 emission lines were
2
calculated for the case of the lanthanide
elements. These calculations showed that the
wavelength separation,
L,8
- L,8 , increased
2
15
from= 0.00010 nm to = 0.00025 nm. These
values are lower than the
instrumental
resolution of the spectrometer equipped with
, L,8
the LiF monochromator. Thus, the L,8
2
15
doublet, associated with the major peak in
(Fig.IO) is not resolved and the observed
feature on the long wavelength side of the
unresolved L,8
peak corresponds to a non,
2 15
diagram line . This satellite peak was labelled
as L,814 , consistent with the notations used by
Sakellaridis (19} (see chapter Discussion).
The existence of the L,8
doublet
2 15
accompanied by a satellite line is' supported
by the qualitative
data obtained by means of
the high resolution spectrometer equipped with
the quartz monochromator. As shown in Fig. 12,
a shoulder
can be observed on the low
wavelength side of the major peak. The
separation distance between the peak maximum
and the shoulder, ranges from= 0.0001 nm for
Nd and= 0. 00015 nm for Ho (Fig 12 a,b) . These
values
are in good agreement with the
calculated L,8
-L,815 separation distance. In
2
addition,
the spectra in Fig.12b clearly
showed the existence of the L,814 peak which
was only detected as a result of the L,8
peak
2
deconvolution of the spectra obtained by means
of the LiF monochromator.

Ndl,92

( a)

( b)

L,91!5

10- 4 nm

"'

C
a,
+-

c

0.20355

).nm

~

3.40- 4 nm

Figure 12. L,82 , 15 diagram lines and L,814 nondiagram-line analyzed by means of the quartz
monochromator (Johansson mounting) for the
case of (a) Nd, and (b) Ho.

L1 lines
and satellites
High
resolution L-yX-ray peaks obtained by means of
the quartz monochromator (Johansson mounting)
are shown in Fig.13 for Nd and Ho. The peaks
exhibited
a tail occurring
on the long
wavelength side of the L-y
diagram lines. A
1
similar tailing
effect was also in observed
the digitally recorded data obtained using the
LiF monochromator (Johann mounting) as shown
in Fig.14.
The L-y
peaks were solved as a doublet
1
assuming that each single peak had the same
width. The instrumental correction factor was
omitted for the L-y1 peaks of La, Pr and Nd
oxide crystals and was added into the fitting
procedure of experimental
data
for
the
analyzed Sm, Eu, Gd, Dy, Ho, Er and Yb
crystals.
For elements with an atomic number
ranging from 57 (La) to 66 (Dy), calculations
emission consists of two
showed that the L-y
1
peaks, as illustrated
in Fig.14 for the case
of Nd. The peak of higher
intensity

Both the L-y
and L,815 emissions result
1
from transitions
originating
from the N1 v
level so that the E (L-y1 ) - E (L,815 ) energy
difference is equal to the difference between
the final levels involved in the radiative
transitions so that

The energy difference E(L11 ) - E(L111 )
also equals the energy difference between the
Ka2 and Ka1 monoenergetic radiations which
correspond
to the same final levels and
originate
from the L11 and L111 levels,
respectively.
Thus, the energy of the L,815 emission
line can be derived from the tabulated L-y
,
1
Ka1 , and Ka2 data according to:

Using published data for the above
photon energies (6) the wavelength distances
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corresponds to the Lr, di agram line ( LII - NIv
and is accompanied by a weaker
transition)
peak occurring on the long wavelength side of
the Lr, peak. This weak peak is a satellite
non-diagram line we labelled Lr9 (see chapter
Discussion). As shown in Fig.15a the intensity
of both the Lr, diagram line and Lr9 satellite
linearly with the wavelength. The
varies
wavelength separation distance : l:.A= A(Lr9 ) A(Lr1 ) also varied linearly with wavelength of
in
peak as illustrated
the characteristic
Fig.15b.
For elements with atomic number greater
than 66 (Dy), the fitting procedure did not
reveal evidence for the existence of the
peak. This may result from the
satellite
distance between the two lines being to small
and
the positions
if
to be resolved
kept as
of both peaks are
intensities
procedure. In
variables in the analytical
addition, the satel lite peak may be partly
the
hidden by the Gaussian correcting
Thus, in
instrumental spectra l distortion.
order to verify that the Lr1 emission for
lanthanide elements with Z greater than 66
also consists of a doublet, only the peak
were used as
heights of the two lines
procedure. The
variables in the fitting
was
wavelength of the ass umed Lr9 satellite
thus calculated by linear extrapolation from
obtained for the case of analyzed
data
elements with Z ~ 66. The calculated peak
heights derived from the fit were found to be
in good agreement with the peak heights
(Fig . 15a) of t he
obtained by extrapolation
linear variation existing for the Lr1 and Lr 9
emissions of lanthanide elements with atomic
numbers less than 66.
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1
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0.14174

0,18779

Figure 13. (a) Lr1 diagram line and Lr9 nondiagram line for Nd, and (b) Ho, shownby
means of the quartz monochromator.
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fitting functions .

1074

Description of L X-ray spectra of lanthanide elements

150

Counts per
Cha nnel

Prl r 3

The L12 and L13 emission lines of light
lanthanide elements consist of two partly
resolved peaks as shown in Fig.16a for the
case of Pr. Increasing the atomic number of
the lanthanide, the L12 - L13 feature appears
as a single broad peak. The spectra were
processed
as a doublet, with the peak
position,
peak width and peak amplitude of
both components being kept as variables in the
fitting
procedure. Neither the position nor
the width of the higher wavelength peak
corresponded to the characteristics
of the L12
peak of the analyzed element. However, the
calculated position of the lower wavelength
intense peak corresponded exactly to that of
the L13 emission. In addition, the calculated
width was in good agreement with the predicted
value derived from the calibration
curve .
These parameters of the L13 peak shape were
kept constant and a third component was added
to the fitting
procedure. The HWHM
values of
the three peaks were assumed to be equal and
the peak positions and peak heights were used
as variables . The results in Fig.16b show the
decomposition of the L12 ; L13 structure as a
triplet
for the case of Pr. The calculated
position
and width of the L13 peak was
unchanged with respect to data derived from
the
previous calculations.
The calculated
pos itions of the intermediate peaks exactly
match the theoretical wavelength of the L12
emission peak while the third peak, of the
highest wavelength, is a non-diagram line we
named L110 (see Chapter Discussion). Similar
data were obtained for the case of La, Nd and
Sm. As shown in Fig.Ila, the amplitude of the
three peaks, L13 , L12 and L110 decreased
linearly
when the
analyzed wavelength
increased.
As illustrated
in Fig.17b the
wavelength separations L110 - L12 and L110 L13
increased linearly when the analyzed
wavelength increased . For elements with atomic
numbers greater than 62 (Sm) the L12 and L13
emission peaks are strongly distorted by the
instrumental factor. Thus, each of the three
peaks for these elements should be corrected
for spectral distortion. The increasing number
of variables in the fitting procedure will not
lead to a unique solution. In addition, the

( a)
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recorded by means of the LiF monochromator.
a) Least-square fitting procedure by means of
two components.
b) Least-square
fitting
procedure
by
means of three components.
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Figure 17. (a) Peak amplitude variations of
the L12 , L13 diagram lines and L110 nondiagram line and (b) wavelength separation
distances
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as
functions of the analyzed wavelength for the
cases of La, Pr, Nd and Sm.
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- L-y
measured in the L-y
low intensity
2
3
emissions did not lead to a sufficient
an
to facilitate
precision
statistical
accurate peak deconvolution.
For the lanthanide elements with high
atomic numbers we simply calculated synthetic
spectra by using peak width, peak intensity
from linear
derived
and peak position
,
extrapolation of the data describing the L-y
3
As
elements.
lanthanide
light
the
of
L-y
,
L-y
2
10
shown in Fig. 18 for the case of Ho, the L-y
2
synthetic
on the
features
L-y
L-y
10
3
calculated spectra provided a satisfactory
of the experimental data. These
description
by the
supported
are also
calculations
experimental spectra obtained by means of the
monochromator as
quartz
high resolution
in Fig.19 for the case of Ho.
illustrated
Howeverthe spectra obtained with the quartz
monochromator suggest that the L-y line
are not
cons,s. t s of several lines which 10
resolved in the spectra obtained by means of
the LiF monochromator. The consequence of the
different monochromatormounting is illustrated
by comparing Fig.18 and Fig.19. The marked
shoulder occurring on the low wavelength side
peak in Fig.18 (Johann mounting
of the Ho L-y
3
of the LIF monochromator) is not observed in
(Johansson mounting of the quartz
Fig.19
monochromator).
The wavelength separation distances
in the
- L-y and L-y - L-y measured
L-y
2
10
3
10
0. 006 nm
of Fig.19 were
spectra
These direct
and~ 0.0015 nm respectively.
measurements from graphs are very consistent
with those derived from the linear variation
of the peak separation vs wavelength drawn for
the light lanthanide elements (Fig.17b). For
extrapolated wavelength
the case of Ho, the
- L-y = 0.0068
separation distances were L-y
3
10
- L-y = 0.00018 nm respectively.
nm and L-y
10
2

Counts per channel
250

0 .13587
0.13642
0 .13687

line profile
L-y
,
L-y
,
Ho L-y
Figure
5
3
2
and peak height
calculation based on HWHM
values derived from linear extrapolation shown
in figure 17 and accounting for spectral
distortions resulting from the monochromator
mounting.
18.

::J

II)

C

Cl)

The consistency of the data obtained by
means of both monochromators supports the
existence of a satellite line accompanying the
-L-y2 emissions which were not resolved for
L-y
3
the case of high atomic number lanthanide
elements analyzed by the use of the LiF
monochromator. The consistency of measured and
extrapolated peak separations also strongly
the observed linear relationship
supports
line
between the wavelengths of the satellite
peak
emission
L-y
and
and the diagram L-y
2
3
positions.

C

0.13642

310-4 nm

Figure 19. Fine structure of the Ho L-y
3
2 - L-y
diagram lines and non-diagram 1 ines shown by
the use of the quartz monochromator.
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A complex fine structure has also been
shown to exist for the case of the Lfi4
(L1 - M11 ) emission (19) . The low intensity ~f
the Lfi4 peaks,
obtained with the
L1 F
monochromator did not lead to a sufficient
statistical
precision to accurately process
the Lfi4 peaks, which were treated as single
peaks. In the present study, non-diagram lines
associated with the Lfi2 15 , L1, and L12 3
peaks have been analyzed . the existence of the
satellite
lines
was observed in spectra
obtained by the use of the high resolution
quartz monochromator. Spectra deconvolution
was only applied for peaks occurring within a
wavelength domain in which the instrumental
spectral distortion r emained moderate. For the
heavy lanthanide elements the characteristics
of the satellite line s were obtained by linear
extrapolation of peak separation distances and
peak amplitudes cal culated from experimental
data obtained for light lanthanide elements.
For consistency with data available in the
literature,
the measured wavelength distances
between the major peak and its satellite
were
converted to energy unit s (eV).
Studying the L X-ray emission for
Eu(63), Gd(64), Tb(65), Ho(67) and Tm(69),
Sakellaridis (19) showed the exi stence of fine
structures ly i ng on th e low energy side of the
Lfi4 , Lfi2 , L11 and L12 peaks . He showed that
the Lfi2 15 doublet i s accompanied by multiple
weak peaks . In our study , th e Lfi2 15 doublet
was partly re solved by the use of the quartz
monochromatorbut was not re solved when using
the LiF monochromato
r . By compar ing the energy
separation di stances obtained by Sakellaridi s
(19) and our experimental data, we resolved a
single
satellite
peak that i s consistent
(Table 2) with the stronge st satellite
line
labelled as Lfi14 in the Sakellaridis work
(19)(see Fig. 12).
Fitting experimental L X-ray spectra of
lanthanide elements and their oxide crystal s
using the sum of two Lorentzian shaped lines,
Salem and Scott (23) showedthe exi stence of a
weak satellite line on the low energy side of
the Lfi2 15 characteristic
line . The energy
separation, AE, between the peak and its
satellite are reported in Table 2. Salem and
Scott (23) also showed that the AE values for
lanthanide elements are lower by about 2eV
than the energy separation for lanthanide
oxide crystals . Results in Table 2 indicate,
that, for oxides, our experimental energy
separation distances are consi stent with the
data reported by Salem and Scott (23). For the
cases of La and Pr, the amplitude of the

Discussion
L X-ray peaks of the lanthanide
elements were processed using a pseudo-Voigt
function to distinguish doublets and satellite
peaks from X-ray data derived by means of the
LiF monochromator. All peaks occurring at
wavelengths less than z 0.17 nm exhibited a
shoulder on their low wavelength side as a
result of the monochromator characteristics.
This deviation from symmetrywas corrected by
adding a Gaussian distribution to the pseudoVoigt function describing the characteristic
emission line.
After spectral
distortion
resulting from instrumental
factors
was
corrected, the variation of the peak-width as
a function of wavelength was found to be
dependent on the analyzed emission. As an
example, the widths of Lfi3 , Lfi4 and L11 X-ray
line s were found to be greater than those of
Lo1 , Lo2 and Lfi1
lines
of equivalent
wavelength. In general, peak width decreases
when increasing wavelength for a given peak.
The Ll peak width, however increases with
increasing wavelength. This situation results
from the difference in the natural widths of
the analyzed lines . The broadening of the Lfi3
lines with re spect to the width of an Lo,
peak of equivalent wavelength result s only
from the difference in their natural widths.
The effe ctive cal culated HWHM
, derived from
the fitting procedure with equat i on [12] is a
sufficient approximation to generate synthetic
L X-ray spectra which are used to determine
the relative
intensities
of peaks. However,
the use of an effective width is no longer
sufficient once the analytical model is used
to re solve a complex peak into the sum of
several line s. For thi s purpose the width must
be used as a fi xed, predetermined parameter
derived from the in strumental resolution of
the monochromator fi , and the natural width
21, of the analyzed emiss ion. The importance
of the natural width of an X-ray peak has been
illustrated
for the case of the Lfi3 X-ray
emission of the lanthanide elements .
The natural width of the Lfi3 emission
line is about twice that of the Lo, emission
(21),(22). Neglecting this difference leads to
the description
of the Lfi3
peaks of a
lanthanide element as a doublet,
each
component having a width equal to that of an
Lo peak of equivalent wavelength. Taking the
natural width into
account resulted
in
describing the Lfi3 peak as a single peak,
consistent with the results from Sakellaridis
( 19) .
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satellite
line was too small to be accurately
measured. The same conclusion was reached by
Salem and Scott (23).

Table 3. Energy separation distances in eV
between the Lr, line and the Lr9 non-diagram
line for lanthanide elements in lanthanide
oxide crystals.

Table 2.
Energy separation distance in eV
between the LP2 15 line and the LP,4 nondiagram line
for lanthanide
elements in
lanthanide oxide crystals.

z

This
Sakellaridis
Study*
(19)

z

This Study

Sakellaridis
[19]

La
Pr
Nd
Sm
Eu
Gd

nd (33.111)
nd (30.3711)
23*
26*
24*
29.0*
23.511
Tb 20.011
Dy 17. 0*
Ho 15. 0*
Er 12.511
Tm 10.511
Yb nd (6 . 511)
* calculated
LIextrapolated

25.7
27.0
26.8
18.0

Salem and
Scott [23]
nd
nd
25. 2
28.0
25.8
25. 1

La
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Yb

22.4
16.7
14.6
14.4

21. 7
21. 5
21. 0
19. 8

18.9
17. 1
15.3

(23)

Srivastava
et al . • •
(29)

nd
24.3

24. 1
25.6
26.4
15.8

20.1
21. 5
21. 8
21. 5
19.6
17 .4

17.8
18.9
nd

23.53
23 . 14
21.43
20.48
21. 01

19.55
16. 40

* Average LIE values derived from the linear
regression
expressing
the
wavelength
separation
distance
as a function
of
wavelength .

10.9
nd
nd

22.3
22. 6
22.7
22. 0

Salem
Scott

not detected

** Calculated
data based on the plasmon
oscillation theory (see text) .

The characteristics
of the satellite
line we observed on the low energy side of the
Lr, peak are also consistent with the data
reported by Sakellaridis (19) and Salem and
Scott (23) and calculated by Srivastava et al.
(29). As for the case of the LP2-P14 feature,
the fitting
procedure used in the present
study and by Salem and Scott (23) allowed us
to identify a single satellite line associated
with the Lr, emission , while Sakellaridis (19)
showed that a very fine complex structure
accompanied the main Lr, peak. As shown in
Table 3, the comparison of energy separation
distances
between the Lr,
line and its
satellite
leads to the conclusion that the
non-diagram line we detected corresponds to
the satellite
labelled
as Lr9
in the
Sakellaridis work (19).
Sakellaridis (19) showed that the Lr3 Lr2 feature is very complex and contains very
weak peaks occurring on the low and high
energy sides of the Lr2 peak simultaneously.
Some of these small features were shown on
spectra
obtained by means of the quartz
monochromator (see Fig . 19) . However, when
using the LiF monochromator, none of the weak

nd : not detected
peaks occurring between the Lr3 and Lr2
emission line were detected. The non-diagram
lines on the low energy side of the Lr2 peak
were solved as a sing le peak in the fitting
procedure. The measured separation distance
between the Lr2 peaks and satellites
are
consistent
with the
separation distances
reported by Sakellaridis (19) between the Lr10
non-diagram lines and Lr2 peaks for Eu(63),
Gd(64}, Tb(65) and Ho(67).
Also consistent with the results from
Sakellaridis
(19),
the
Lr10-Lr2 energy
separation distances were found to be slightly
less than for those of the LP14-LP2 and Lr9 Lr1 peaks.
Several theories have been proposed to
account for the existence of non-diagram lines
(8) . Particular attention has been paid to the
kP' low energy satellite associated with the
KP, 3
emission resulting
from transitions
involving the partially filled 3d shells of
transition elements and their oxides .
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According to Tsutsumi and Nakamori (30)
1
and Tsutsumi et al. (31) the K/3
satellite
originates
from the interaction between the
electrons in the incomplete 3d shell and the
hole in the incomplete 3p shell resulting from
the K/3
radiative
transition.
A similar
1 3
theory has been proposed by Salem et al .(20)
in which the exchange interaction splits
both
3p and 3d electron levels, causing some 3p
electrons to move to lower energy levels.
Transitions
from these levels appearing as
emission bands on the low energy side of the
K/3
•
peak.
1 3
Low energy satellites
can also be
explained as the result of single-photon twoelectron
rearrangement
transitions
as
discussed by Jamison et al .(11) for the case
of K X-rays.
Two types
of single-photon
twoelectron rearrangement transitions
are the
radiative electron rearrangement (RER) and the
radiative Auger effect (RAE), respectively. In
a RER process a K X-ray photon is emitted
coincident with two 2s electrons undergoing
rearrangement. One of the 2s electrons fills
the K shell vacancy, while the other is
promoted to the 2p subshell. The lowest energy
RERsatellite
is the transition from states
with one ls and one 2p vacancy. The RAE
process results
from a de-excitation of a K
vacancy, similar to an Auger process with
simultaneous emission of a bound electron and
an X-ray photon. The K/3' satellite of the
K/3
lines of transition
metals has been
1 3
interpreted
in terms of the K-MM
radiative
Auger effect by Servomaa and Keski-Rahkonen
(24) and Keski-Rahkonen and Ahopelto (12).
Campbell et al (4) added the existence of RAE
while studying the Ka/K/3 ratios of X-ray
spectra induced by proton bombardmentof atoms
in the 20 < Z < 40 region. Recently,
Srivastava et al. (28) proposed an alternative
explanation for the K/3' satellite based on the
plasmon oscillation in solid s.
According to the plasmon oscillation
theory, during the X-ray emission process, the
transition valence electron excites a plasmon
in the valence band. The transition energy of
the K/3
line will thus be shared between the
1 3
plasmon' and the emitting photon, which will be
deprived of an energy equal to the plasmon
energy , -fi°wpwhich is used to excite the
plasmon.
These theories were extended to the
case of the L X-ray spectra of the lanthanide
elements. The L/3
, L/3, L-y and L-y emissions
2
4
1
2
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exhibiting
low energy
satellites
are
associated
with transitions
involving the
partially
filled
4f shell . According to
Sakellaridis (19) the fine multiple structures
result
from the splitting
of levels.
In
addition, the electron spin may have a role in
the sate llite production since the L-y
{L1 2
N11 ) and L/3
(L
- M )
are
split
while
the
4
1
11
L-y
{L
N
) and L/3
{L
- M
) are
not.
1
11
3
1
3
111
This conclusion was used in our L/3
data
3
processing and illustrates
the importance of
the natural width of X-ray lines in WDS peak
deconvolution. Similarly, Salem and Scott (23)
explained the existence of the low energy
satellite accompanying the L-y
emission as a
1
result of the exchange interaction between the
4f and 4d electrons,
which splits both
levels ; the transitions taking place between
the split levels giving rise to the nondiagram lines.
The theory based on plasmon oscillation
was also extended by Srivastava et al . (29)
from the
case of the K/3' satellite
of
transition elements to that of the satellite
lines accompanying the
L-y
emission of
1
lanthanide
elements.
Srivastava
(27)
calculated the plasmon energy, -iiw,
according
p
to the relationship
Z'a
28.8 (-)
w

1 12

[24]

where 1iwp is given in eV, Z' is the effective
.
number of free electrons taking part in
plasmon oscillations,
a is
the specific
gravity of the material and Wis the molecular
weight. Equation [ 24], valid for the free
electron model, was also applied by Srivastava
et al . (29) to the case of insulators such as
lanthanide elements and their oxides. As shown
in Table 3,
the -ti"wP values
calculated
according to equation [24] by Srivastava et
al. are in fairly good agreement with the
energy separations between the L-y
line and
1
its satellite observed by Salem and Scott (23)
and those obtained in this study.
Owing to spectral distortions resulting
from instrumental factors,
the wavelength
separation distance ~A between the
L-y
1
emission and its L-y
satellite
for
the
heavy
9
lanthanide elements had to be derived from
linear
extrapolation
(Fig.
15b)
of
experi mental data
for
light
lanthanide
elements.
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f::. X : [ X ( L y9 ) - X ( L )'

The measured energy separations as a
atomic number of the
function of the
lanthanide elements reported by Salem and
(19) were
Scott (23) and by Sakellaridis
compared to our experimental data. According
to these authors (see Table 3) the energy
separation increased linearly as a function of
the atomic number. Expressing the separation
the
in terms of wavelength and using
wavelength of the Lr, line as a variable
than the atomic number, a linear
rather
relationship of the wavelength separation Lr9 Lr1 vs wavelength was observed (Fig. 20) both
for the experimental data derived from the
Salem and Scott work (23) and from the present
These variations are in excellent
study.
agreement with those obtained by identifying
the measured wavelength separation Lr9 -Lr1
with the wavelength separation derived from
to
according
values
plasmon -tiw
the
f'
Srivastava, et al. (29) .
Similar conclusions were drawn for the
case of the LP14 - LP2 energy separation
(19) the
distance . According to Sakellaridis
separation increased linearly as the atomic
number of the analyzed element increased up to
65 (Tb) and then abruptly decreased . As shown
in Fig. 21, the LP14 -LP2 separation distance
plotted in terms of wavelength distance showed
a linear variation as a function of the
relationship between
wavelength. A different
energy distance and atomic number was observed
for Lr10 - Lr2 by Sakellaridis (19). According
to this author (19) the Lr10 - Lr2 energy
difference slowly decreased up to the atomic
number Z = 65 (Tb) and then abruptly
decreased.
This difference in the sign of the variation
of wavelength vs Lr1 0 - Lr2 distance with
respect to that of the Lr9 - Lr, distance
within the atomic number domain 57 < Z < 65
was not observed in the present study.
We compared these results with the
probability
ratio of the radiative transition
I(Lr )/I(Lr,) as a function of the atomic
numb~rof the lanthanide elements as published
by Salem and Scott (23) and Srivastava et
respectively . Salem and Scott (23)
al.(29),
showed that the ratio between the Lr9 and Lr,
line intensities increased with increasing the
atomic number of the element increased up to
Z = 64 (Gd), and then decreased. The apparent
change in slope at Gd may be due to the fact
that Gd is the only lanthanide element having
a 4f 7 5d6s ground-state configuration rather
than the usual 4fN 6s2 •
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• Experimental data
(this study)
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0.5

from the plasmon theory calculations exhibited
a linear variation as a function of wavelength
(Fig . 22) .
The relative
intensities
observed by
Salem and Scott (23) are in better agreement
with the calculated values of Srivastava et
al . ( 29) based on the pl asmon theory, than
those calculated by Salem and Scott (23).
Salem and Scott (23) concluded that the 4d 4f exchange theory is certainly present but
cannot surely be the sole cause of the
splitting of the 4d level.
In this study, the multiple satellite
lines were not completely resolved, owing to
the low energy resolution of the spectrometer
used. The non-diagram lines, LP14 , L19 and
Lr10 were solved as single peaks. In addition,
the HWHM
values of the satellite
peaks were
assumed to be equal to those of the parent
diagram peaks, LP2 , Lr1 and Lr2 , respecti vely .
These simplification s are supported by
our objective,
which aimed to provide an
analytical
description
of comple x X-ray
spectra to be used in a least-squares
fitting
procedure. Furthermore, for calculations,
the
wavelength distances, LP14-LP2 , Lr9 -Lrl' Lr10Lr2 were set equal to those based on the
plasmon theory as shown in Fig . 23.
The width of the Ll peaks was found to
increase as a function of wavelength (Fig . 5)
and to be much greater than that of the other
L X-r ay peaks of the lanthanide elements. The
Ll emission lines of the analyzed pure
elements W, Pt and Au occur in a wavelength
domain
in which instrumental
spectral
distortions lead to inaccurate processing of
low intensity
Ll peaks. It was thus not
possible to conclude that
the
positive
correlation
between width and wavelength of
the Ll peaks is characteristic only of the
lanthanide elements. In addition, only little
data concerning the natural width of the Ll Xray emission peaks are available in the
literature
(23) . The change in the natural
width of the Ll emiss ion as a function of the
atomic number is not sufficient to explain the
variations observed in the effective widths as
a function of wavelength (Fig. 5). The Ll
peaks obtained by means of the quartz
monochromator exhibited
an
apparent
symmetrical shape, therefore the L1 X-ray
lines were assumed to be single peaks and
their effective
widths derived
from the
fitting
procedure were used to generate
synt hetic spectra.

*

* Experimental
*

0 .4

data
from Salem and Scott

.a.Calculated data from

Srivastava et.al
(plasmon oscillations)
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Figure 22. Relative intensity of the Lr9 nondiagram line with respect to that of the Lr1
diagram line
vs wavelength according to
various sources of observed and calculated
data.
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Figure 23. Comparison between observed (Lr9 Lrl),
(Lr10 - Lr2),
and
(LP14 - LP2)
distances
and the
separation
distances
calculated
as the difference
in the
characteristic
wavelength of the diagram line
and that associated with the volume plasmon.

A linear relationship
between Lr1 vs
wavelength and the Lr1 and Lr9 relative
transition probabilities is also supported by
the calculated values based on the plasmon
theory as proposed by Srivastava et al .(29).
Although the slope is different, the intensity
ratio between the Lr1 and Lr9 lines derived
either from our experimental measurements or
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mounting type re sult s in a shoulder occurring
on the low wavelength side of the X-ray peaks.
The importance of these distortions depends on
the wavelength of the analyzed X-ray peak and
becomes negligible for wavelengths greater
than z 0.17 nm, i.e ., for a Bragg angle
greater than z 35°.
The peak shape distortion for wavelengths
less than z 0.17 nm was corrected by adding a
to the pseudo-Voigt
Gaussian distribution
describe the
functio n used to analytically
peak profile.
The model was applied to the study of
complex L X-ray spectra (0.11 nm< A< 0.27
by a LiF monochromator
detected
nm)
(200 plane) that was set into the spectrometer
with a Johann mounting.
After correcting raw data for possible
spectr al distortion resulting from the crystal
mounting, the observed width of La peaks
exhibited a linear variation as a function of
This linear
analyzed wavelength.
the
was used to determine the
relationship
function of the
response
instrumental
spectr ometer.
has been shown that the width
It
by quadrature addition of the
calc ulated
intr insic resolution and the natural width of
the X-ray line emission leads to a sufficient
approximation to the correct prediction of the
width of any X-ray peak of an L X-ray emission
analyzed by means of LiF monochromator. In
addition, it has also been demonstrated that
neglecting the natural width in the fitting
procedure may lead to the detection of
peaks which can be assigned as
spurious
sate llite lines as demonstrated for the case
of the LP3 emission of the lanthanide
elements. For these elements the LP2 , L11 and
L12 were found to be accompanied by nonlines , LP14 , L19 and L110 ,
diagram (satellite)
respectively . These satellite lines occur on
the long wavelength side of the characteristic
peak. The observed wavelength separation
distances, LP14 -LP2 , L19 - L11 and L110 -L12
were consistent with data reported in the
lit erature (19), (23); (29) and have been
as a function of the
shown to vary linearly
wavelength of the LP2 , L11 and L12 diagram
lines. The linear dependence of the L19 - L1,
distances with respect to L11 wavelength 1s
also consistent with the distances calculated
by Srivastava (29) based on the plasmon
theory.
The linear correlations of wavelength
of LP14 /LP2 ,
with the relative probabilities
Lr9 /L1 1 and L11 0 / L12 are also consistent with
the calculated data according to the plasmon

While the pseudo-Voigt function and the
which were
associated Gaussian distribution
used to correct for instrumental spectral
(equation [13)) were sufficient
distortion
approximations to generate L X-ray emission
to
they were not sufficient
spectra,
describe the Ka1 -a 2 X-ray peaks
satisfactorily
elements analyzed with the
of the transition
same LiF monochromator.
For example, the CrKa1 and CrKa2 X-ray
emissions (A = 0.229 nm and A= 0. 2294 nm,
respectively) are very close to that of the Nd
La1 X-ray peak (A = 0.2371 nm). These K
emissions lie in a wavelength region that is
spectral distortion
by the
not affected
resulting from the monochromatormounting. The
CrKa1 and CrKa2 lines were not completely
procedure the peak
resolved. In the fitting
positions were set at their theoretical values
and the CrKa1 peak intensity was set at twice
values
the CrKa2 peak intensity. Only the HWHM
Using k = 0.35 to
.were kept as variables.
account for the Gaussian portion of the
pseudo-Voigt fitting function did not lead to
values
a satisfactory fit . The calculated HWHM
were found to be muth less than those
curve even
predicted from the calibration
accounting for the correction for the natural
These observations
width of the lines.
remained valid for all analyzed Ka lines of
the elements with atomic numbers ranging from
Z = 22 (Ti) to Z = 31 (Ga). However, the
quality of the fit was slightly improved when
the k value in equation [8) was increased from
k = 0. 6 to k = 1.0 as the atomic number of the
analyzed element was increased . Thus, the
proportion of the Gaussian contribution with
respect to the Lorentzian distribution was
found to differ for Ka and La lines occurring
same wavelength region . This
within the
observation is consistent with the results
reported by Huang and Lim (10) .
Summary
The shape of La X-ray peaks analyzed by
means of LiF monochromatorhas been shown to
be correctly described by a pseudo-Voigt
function, i.e . , a linear combination of a
and a Lorentzian
Gaussian distribution
having the same width and
distribution
amplitude and centered at the same wavelength.
For the monochromatorused, the proportion of
was 0.35 and the
the Gaussian distribution
was 0. 65. Spectral
Lorentzian distribution
distortion has been shown to result from the
the Johann
monochromator mounting type
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theory (29). The mechanism leading to the
existence of non-diagram lines associated with
the LP2 , Lr1 and Lr2 emission as observed in
the present study is probably much more
complex than that based on the plasmon
oscillation theory proposed by Srivastava et
al. (29) for the case of the Lr1 emissions of
lanthanide elements . However, from a practical
point of view,
identifying
the energy
separation between the LP2 , Lr1 and Lr2 lines
and their satellites with the plasmon value
led to a sufficient
approximation for our
purpose.
The simplified analytical model for
describing L X-ray spectra provides an easy
approach to generate synthetic spectra to be
used either for the calculation of overlap
coefficients to be applied to raw intensity
measurements (peak height) or to process
experimental data by means of least-squares
fitting
techniques in quantitative analysis
based on WDS X-ray spectrometry by means of
the EPMA
.
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Table 4 for the case of a monazite specimen.

Table 4: Analysi s of a monazite specimen by
means of WDSX-ray spectrometry.
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K ratio

Calculated concentrations
raw data
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F
Fe

0.0014
0.0009
p
0. 0773
Co 0.0085
La 0. 1150
Th 0.0473
Ce 0.2323
Cl 0.0005
Pr 0.0464
Nd 0.0904
Sm 0.0188
Eu 0.0047
Gd 0.0246
Dy 0.0024
0*

0.0052
0.0009
0. 1334
0.0088
0 . 1309
0.0630
0.2212
0.0007
0.0515
0. 1011
0.0216
0.0056
0.0301
0. 0030
0. 2871

0.0061
0.0009
0.1331
0.0090
0. 1331
0.0630
0.2276
0.0007
0.0442
0.0975
0.0143
0.0000
0.0000
0.0031
0.2716

sum

1.0642

0.9970

* by stoichiometry
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A relative
difference of ~ 15 % is
observed between the raw and corrected data
for Pr resulting from the contribution of the
La Lfi1 peak to the Pr Lo peak. The relative
difference is increased up to 50 % for the
case of Sm resulting from the overlap between
CeLfi
and SmLo
peaks.
1
2
Peak interferences
between the La Lr3
and Ce Lo1 peaks with the Gd Lr1 emission
leads to a spurious Gd concentration equal to
3 %. A similar spurious Eu concentration
(0.3 %) results from the Pr Lfi2 and Nd Lr3
overlapping the Eu Lo1 peak. Correction by
means of predetermined coefficients
can only
be applied after accurate measurements have
been obtained for both the peak and background
intensities . Consequently, for minor and trace
elements a least-squares
fitting
technique
would be prefered to the usual peak height
measurements.
Analytical description of X-ray spectra
can be used as reference data in the fitting
procedure. In order to improve the quality of
the fit and to avoid spurious peaks it is
necessary to take into account all features
leading to departure from symmetry of X-ray
peaks. For this
reason correction
for
instrumental factors and non-diagram lines
were added to the fitting function.

LiF

■

,t;t1
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10- 5 Sin8
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Figure 24. Wavelength resolution (105 sin 8)
for two LiF monochromators as a function of
the atomic number of some lanthanide elements .

crystals, the observed energy resolution for
Lo peaks of some lanthanide elements exhibited
a linear variation as a function of the atomic
number of the analyzed elements. However, the
slope of the linear relationship was different
for each LiF monochromator used. This
difference may result from the difference in
the active area of each crystal leading to a
more or less pronounced assymmetryof peaks.
One of the monochromator (LiF,
1) had its
surface reduced by lead strips while the total
area of the second monochromator (LiF, 2) was
used.
All equations obtained by the use of the
first
LiF monochromator remain valid by
replacing the HWHM
values by data derived from
the calibration
curve for the second LiF
monochromator.
Based
on
the
linear
relationship
expressing the resolution vs
wavelengths two measurements are sufficient to
obtain the calibration curve for of another
LiF monochromator.

D. Newbury
How do the results vary when
different LiF crystals are employed? Does the
peak shape show any unexpected variation from
one crystal to the next as a result of the
details of the crystal mosaic structure?
I. Steele
With regard to content, the
authors should consider the possible effects
of using their derived peak fits and relations
of
shape with wavelength with other
spectrometers which may not be aligned well or
have
analyzing
crystals
of different
perfection.
My worry is that someonemight
attempt to use their derived peak fit data on
another system which has inherently different
instrumental parameters. This is
not a
shortcoming of the study but rather a warning
that all instruments, crystals,
etc . do not
have the same resolution, peak symmetry etc.
Authors : The crystal mosaic structure will
affect both the efficiency and the energy
resolution of the monochromator. However, the
intensity of any X-ray emission peak relative
to that of the intense Ko, Lo or Mopeak will
remain independent of the efficiency of the
monochromatorwhile the energy resolution will
vary from the LiF monochromator used to
another.
The EPMA
used was equipped with two LiF
crystals.
A shown in Fig . 24 for both

S.J.B. Reed : Howdo the authors interpret the
observation that the pseudo-Voigt function
used for the L lines does not satifactorily
fit Klines of the same wavelength?
Authors : For the case of Ko peaks, the best
quality of the fit was obtained by using a
higher proportion of the Gaussian within the
pseudo-Voigt function than that used for the
description
of Lo peaks of equivalent
wavelengths. This observation is consistent
with data reported by Salem and Scott (23) and
by Salem et al. (20). In addition, we recently
verified that the Lo peaks of transition
elements
(TAP crystal)
were correctly
described
by the sum of two Lorentzian
distributions.
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A more pronounced Gaussian shape for Ka
peaks than for La peaks is supported by the
lower natural widths (Lorentzian distribution)
for Ka lines with respect to La lines of
the
equivalent energy . We assumed that
observed between K and L peaks
differences
resulted from the use of the pseudo-Voigt
function which only takes into account the
values. However, quadrature
HWHM
effective
addition of the instrumental response function
and natural widths of the analyzed Ka peaks
to correctly described Ka
was not sufficient
will be performed
peaks. New calculations
published by
width values
using natural
Scofield (Atomic Data and Nuclear Data Tables,
121). In addition the complete
(1974), ll,
convolution product given by equation [l] will
be solved using the pseudo-Voigt function as
the instrumental re sponse function.
Howeverthe observed shape differences
between Ka and La peaks more probably resulted
from a marked asymmetry of Ka peaks which was
not corrected . In the present study only
departure from symmetry (tail on the low
wavelength side of peaks ) resulting from the
corrected.
was
monochromator mounting
Asymmetryof Ka peaks also exists as reported
in Fig.
by LG Parratt (1959) and illustrated
25 reprinted from the paper "Electronic band
structure of solids by X-ray spectro scopy" (LG
Parratt, 1959, Reviews of Modern Physic s, ;u,
n' 3, 616-645). According to this author the
excess width on the low-energy s ide (long
attributable
wavelength side) is essentially
to transition s between excitation states of
type .
configuration
the valence -electron
Parratt also showed that the apparent excess
of width for Ka peaks for atomic numbers
through the range Z - 16 to Z = 42 is clo sely
related to the asymmetry of peaks . The line s
K ➔ L111 are presumed to be
from transition
symmetrical and to be obtained by subtracting
the mirror image of the high-energy side of
the maximumposition of the corrected observed
curve from the low-energy side (Fig. 25).
It is this symmetrical component which
should be compared to the calculated width
of the
addition
obtained by quadrature
width .
width and natural
instrumental
Correction for asymmetry on the low-energy
side of Ka peaks will be added to the fitting
function .

,s

20

ri c Ka peak according to LG
f_igure 25. Asymmet
Parrat (Reviews of Modern Physics, 1959, ;u,
n' 3, 616-645.
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